Environmental problems arise due to the millions of tons of waste rubber that are thrown away in the natural environment. Management of this waste rubber is a big environmental challenge. So, a new, simple and cost-effective recycling method for obtaining recycled waste rubber should be developed. In this study, we found that waste gasket rubber can be desulfurized by means of bulk and nano-sized transition metal halides in the presence of solvents. The recycled product of desulfurized waste gasket rubber granules that is obtained can be used as the cheapest adsorbent in the removal of mercury(II) ions from aqueous solution. Comparative batch studies have been conducted to elucidate the adsorption efficiency of desulfurized rubber using bulk copper chloride and also using nano-sized copper chloride under optimum conditions with commercial activated carbon.
Introduction
The uses of rubber in day-to-day life are numerous. It has been used in radios, televisions, telephones, kitchen equipment, sports equipment, clothing, footwear, insulation materials, automobiles, etc. After a limited service period, millions of tons of used rubber products are thrown away in the natural environment. Environmental problems arise because of these discarded waste rubber products. At present, reusing and recycling this waste rubber is a very big environmental challenge in waste management. Rubber recycling is a difficult task because of the vulcanization reaction, which takes place in three-dimensional structures. After undergoing reactions, vulcanized rubber (VR) turns into an infusible and insoluble form and cannot be converted into other forms [1, 2] .
Desulfurization by the devulcanization reaction is preferred to recycle the waste rubber. It offers the advantage of rendering the rubber suitable for reformulating and reuse. Numerous devulcanization methods, namely mechanical processing [3] [4] [5] [6] [7] , ultrasonic methods [8] [9] [10] [11] , a chemical method [12] , a microwave technique [13] [14] [15] , cryogenic processes [16] [17] [18] and a microbial method [19] [20] [21] , are discussed in the literature and are successfully used in industries worldwide. Devulcanization of VR not only solves the disposal problem but also permits waste management. It converts the vulcanized materials into new rubber compounds that can be decompounded into virgin rubber and then re-vulcanized or they can be used as fillers, adsorbents, etc.
Many industries prefer the chemical devulcanization method because of its commercial nature and practical approach. A review of the literature has shown that certain compounds such as diaryldisulfide, diphenyl disulfide, HNO 3 , nitrobenzene, benzoyl peroxide, thiosalicylic acid, supercritical CO 2 , lithium aluminium hydride, phenyl lithium, methyl iodide, CuCl, FeCl 2 , sodium, thiol acid, Fe 2 O 3 , amine and sulfides [22] [23] [24] [25] [26] [27] [28] [29] [30] have been used as devulcanizing agents to cleave the carbon-sulfur linkage in the process of devulcanization or desulfurization. In this study, a new, simple recycling method has been developed to recycle waste gasket rubber granules by means of various transition metal halides in the presence of solvents. Transition metal halides such as CuCl 2 , NiCl 2 , CoCl 2 and FeCl 2 were chosen as desulfurizing agents to identify the activity of desulfurization, because many transition elements such as Ni, Co, Mo, Pd, W, Fe, Cu and Ti as well as Na and Li are highly reactive in the transformation of carbon-sulfur bonds into carbon-carbon bonds and carbon-hydrogen bond reduction [31] during desulfurization of thiols, sulfides, sulfoxides and sulfones. It has been reported that copper and iron desulfurizing agents are very active in cleaving the carbon-sulfur linkage. Copper supported on zirconia was used in the desulfurization of thiophene [32] . Silica-supported copper particles are used as a regenerable adsorbent for flue gas desulfurization [33] . Co-and Ni-promoted MoS 2 are active catalysts for the hydrodesulfurization of thiophene and dibenzothiophene [34] . The results of the desulfurizing reaction show that, among the four transition metal halides, CuCl 2 acts as a comparably effective desulfurization agent. Hence, CuCl 2 was chosen as the desulfurizing agent in this study. Desulfurization was done using bulk CuCl 2 and nano-sized CuCl 2 in the presence of o-xylene . Waste gasket rubber granules are henceforth denoted as VR, and devulcanized rubber granules by bulk copper chloride and by nano-sized copper chloride are denoted as DRB and DRN, respectively.
Waste rubber granules offer an excellent alternative to conventional adsorbents. Waste rubber granules, waste tyre rubber chips and waste rubber ash are effective adsorbents in the treatment of industrial waste water [35, 36] . The sorption capacity of granulated waste rubber for several organic substances has been reported previously [37] . The adsorption potential of activated and inactivated waste rubber powders for removing Pb 2+ and Cd 2+ from aqueous solution has been studied [38] . Ground tyre rubber has been extensively studied as an adsorbent for the removal of naphthalene, toluene and mercury from water or waste water [39, 40] . In this study, desulfurized gasket rubber granules were used as an adsorbent in the removal of mercury(II) in aqueous solution. Batch experiments were conducted to find out the effect of equilibrium time and optimum pH with minimum dose in the removal of metal ions. The adsorption efficiency of DRB and DRN was compared with commercial activated carbon (CAC).
Experimental procedure (a) Devulcanization of waste gasket rubber granules
The reactive precursor was prepared by mixing 0.1 g of transition metal halides with a mixture of 5 ml of ethanol and 5 ml of o-xylene. As transition metal halides are insoluble in o-xylene, they Ten grams of mechanically ground waste gasket rubber granules of sizes from approximately 300 to 800 µm (20-50 ASTM), 10 ml of reactive precursor and 25 ml of o-xylene were put into a 250 ml reflux system. The reflux condenser is equipped with a short length of tube at the top which is connected to an enclosed test tube containing 15 ml of zinc acetate (0.1 mol l −1 ). Zinc acetate was used to trap sulfur compounds if liberation of sulfur took place during the desulfurization reaction. The reflux system was heated at 90°C for 60 min. During the reaction period, no change was noticed in the zinc acetate solution, indicating that no liberation of H 2 S was found. After the period of 60 min, the sample was filtered and dried at room temperature. The experiments were repeated with various transition metal halides such as CuCl 2 , NiCl 2 , CoCl 2 , FeCl 2 and nano CuCl 2 .
(b) Synthesis of copper chloride nano material
Copper sulfate pentahydrate, sodium hydroxide, hydrochloric acid and ethanol were purchased from Merck. Double-distilled water was used. For the synthesis, 3.8 g of CuSO 4 · 5H 2 O was dissolved in 100 ml of double-distilled water and 0.8 g of NaOH was dissolved in 25 ml of distilled water. To the copper sulfate solution, NaOH solution was added dropwise, which results in greenish blue colloids. The obtained materials were washed and heated at 120°C for 3 h. The greenish blue material gradually became brownish black, indicating the transformation of Cu(OH) 2 to CuO nano material. The resulting material was washed with de-ionized water several times and dried under ambient conditions. The brownish black precipitate of CuO nano material was treated with concentrated HCl, which turns the precipitate into a green-coloured solution. The solution was allowed to evaporate the water molecules by heating. After the evaporation, the precipitate was washed with ethanol and recrystallized.
(c) Characterization X-ray diffractometry (XRD) and scanning electron microscopy/energy dispersive X-ray analysis (SEM/EDAX) studies of the synthesized copper material were carried out with a PANalytical X-Pert PRO diffractometer and a Philips XL-20 scanning electron microscope, respectively. The solvent portion of the filtrate was analysed by using a Perkin-Elmer Spectrum RX I Fourier transform infrared (FT-IR) spectrometer and a Bruker RFS-27 FT-Raman spectrometer. The polymeric portion of the ground waste rubber was analysed with a CHNS analyser with Elementar Vario EL III.
Results and discussion (a) Characterization of copper-based nano materials
In the XRD pattern of the Cu(OH) 2 obtained (figure 1a), all of the reflections could be indexed to the Cu(OH) 2 phase with the orthorhombic structure (lattice parameters a = 2.9817 Å, b = 10.622 Å and c = 5.3224 Å; JCPDS 13-420) [41] . No impurity could be detected in the XRD analysis; therefore, pure Cu(OH) 2 must have been obtained. In addition, the intensities of (111), (130) and (020) indicate that crystalline Cu(OH) 2 is oriented in a particular crystallographic direction [42] . The grain sizes of Cu(OH) 2 are around 9.2-13.8 mm, which was calculated by using the DebyeScherrer equation. The diffraction peaks were considerably narrowed, suggesting an increase in the crystallite size. The typical SEM images of the sample (figure 2a) show that a large number of separated wire-like structures coexist with the same bundles of wires.
All the XRD peaks of the material (figure 1b) could be indexed to CuO. Copper oxide nano materials retained their monoclinic structure with lattice parameters a = 4.685 Å, b = 3.423 Å and c=5.132 Å [43] . The grain sizes were calculated using the Debye-Scherrer equation. It was calculated that the particle size of CuO nano materials is around 25.5-60 nm. The SEM images of (b) Characterization of desulfurized gasket rubber granules CHNS analysis was carried out for all the dried samples to identify the elements present, especially to find the sulfur content in the samples. It can be observed from the CHNS analysis (table 1) that the percentage of sulfur was reduced in the range between 2.01% and 1.18% with various metal halides. Compared with other metal halides, CuCl 2 acts as an effective desulfurizing agent in reducing sulfur. Hence, the same desulfurizing reaction was done with nano CuCl 2 . It was found that the desulfurizing action is improved with nano-sized CuCl 2 and the percentage of sulfur in waste gasket rubber granules is reduced to 0.87%. This is due to the size-dependent activity of CuCl 2 . As the size of the CuCl 2 molecules is smaller, it helps to reach the rubber crumb interior. (c) Solvent studies
Solvent plays an important role in the desulfurization reaction. Hence, the chosen solvent should (i) be stable and inert to the reaction, (ii) be capable of swelling the VR, and (iii) not adversely affect the reaction.
If the elastomer is exposed to the solvent, the solvent molecules will penetrate the material and cause an expansion in volume, which is known as swelling. molecules into the polymer depends on environmental factors, such as temperature and pressure. Usually, rubber swells in solvents such as cyclohexane, n-heptane, dodecane, tetralin, decalin, o-xylene, p-xylene, etc. In this study, o-xylene has been chosen for the devulcanization reaction because of its low cost and appreciable swelling index (Q) [45] . o-Xylene plays an important role; it causes swelling of the ground waste rubber crumb and expands the polymeric network of the rubber product. Hence, the desulfurizing agent can reach the interior of the rubber crumb ( figure 4) . Upon continued heating, the desulfurizing agent contacts the sulfur in the network and helps to cleave it from the network. FT-IR and FT-Raman studies were carried out to study the changes in the solvent. After the desulfurization reaction, the solvent was separated and used for spectral studies. The IR spectrum of the blank o-xylene (figure 5a) shows medium characteristic absorptions for C-H in plane bending (1033 cm −1 ), strong adsorption peaks for C-H stretching of the aromatic ring (3028 and 2967 cm −1 ), C-C=C stretching of the alkyl (1455, 1495, 1605 cm −1 ), disubstitution in the aromatic ring (743 and 769 cm −1 ) and aromatic combination peaks at 1745, 1866 and 1942 cm −1 . On the other hand, the spectra of the o-xylene which was involved in the desulfurization reaction (figure 5b) show new strong absorption bands at 1250 and 1050 cm −1 , which are related to C=S and S=O, and other bands resembled the peaks of o-xylene. During the desulfurization reaction, the sulfur from the waste rubber is replaced by the desulfurizing agent and is not liberated in the form of H 2 S. (When this was investigated with zinc acetate solution during the reaction period, no change was noted.) Hence, sulfur may be replaced in the form of C=S or S=O. Further investigations by FT-Raman spectral analysis demonstrate the formation of S=O during the desulfurization reaction. The FT-Raman spectra of the o-xylene involved in the desulfurization reaction (figure 6b) show additional weak bands at 1048 cm −1 , assigned to S=O stretching vibration, and at 207 cm −1 , assigned to Cu-Cl stretching vibration. These additional peaks are not shown in the FT-Raman spectra of blank o-xylene (figure 6a). Hence, the sulfur liberated by the desulfurization reaction was not liberated as H 2 S or other forms to the environment; it may present in the solvent only and the peak at 207 cm −1 confirms the presence of CuCl 2 in the solvent.
A VR contains long hydrocarbon networks, which are linked together with sulfur bonds. Compared with the bond energy of C-C (348 kcal mol −1 ) and C-S (273 kcal mol −1 ), the bond energy of the S-S (227 kJ mol −1 ) linkage is low. Chemical desulfurization would damage S-S linkages first instead of other linkages. In this process, the plausible reaction mechanism can be carried out in two different steps ( figure 7 ). In the next immediate step, a metal radical (M*) readily reacts with the weakest S-S bond of the VR at the transverse position and causes cross-link scission in the next step. Finally, sulfur can be liberated with atmospheric oxygen as SO 2 . This liberated SO 2 is present in the solvent only. Further structural elucidation of the solvent is to be carried out in future. at 150 r.p.m. for 2 h to remove any foreign materials, if present. They were subsequently air dried for 5 h and stored in airtight containers for further use.
Mercury is one of the toxic elements discharged in the environment by various man-made activities. A mild concentration of mercury in the aqueous region causes numerous adverse effects on plants, animals and human health. In order to prevent the problems due to toxicity of mercury, several methods such as adsorption, precipitation, electrodeposition, solvent extraction and membrane technique are used. The removal of mercury(II) ions from aqueous solution by adsorption has been done in this study; 10 mol l −1 of mercury solution was prepared with HgSO 4 . Batch experiments were conducted in 250 ml polythene bottles with screw caps. The polythene bottles were washed well with chromic acid before and after use; 100 ml of the solution containing 10 mol l −1 of the metal ions under investigation was added to each bottle and adjusted to the desired pH. After the addition of the required dose of granules, the bottles were equilibrated for specific periods of time using a mechanical shaker at room temperature. All the experiments were conducted at room temperature only. At the end of the equilibrium time, the solutions were centrifuged and the concentration of mercury(II) ions present in the supernatant solution was measured by an atomic absorption spectrophotometer. Triplicate runs of each test were done and the data obtained were shown to vary by less than 1%, suggesting the accuracy of the results. Blanks were run simultaneously without adsorbent, and no appreciable changes were found in the metal ion concentration, indicating negligible adsorption of metal ions by the plastic containers. The percentage of metal removal was calculated as
where C 0 and C t are the initial and final concentration of metal ions at time t = 0 and t = t (in mg L −1 ).
(e) Effect of equilibrium time
In order to find out the effect of the equilibrium time required for the removal of Hg(II), experiments were carried out using 100 ml of 10 mol l −1 Hg(II) solutions at pH 5.0 ± 0.2 with 0.1 g of granules for varying periods ranging from 30 to 240 min. At the end of the agitation time, the solution was centrifuged and analysed. The percentage of Hg(II) removed in each case was calculated using equation (3.1) . These results are shown in figure 8a .
From the results, it can be observed that 90 min of equilibrium time was sufficient for the maximum removal of 72% Hg(II) by DRB and 83% by DRN. But in the case of VR and CAC, the equilibrium time was 180 min for the removal of 61% and 120 min for the removal of 80% Hg(II) ions, respectively. Hence, it was decided to maintain an equilibrium time of 90 min for DRB, 120 min for DRN, 180 min for VR and 120 min for CAC, in all the subsequent experiments. It can be seen from the results that DRN was found to be more efficient than other adsorbents with respect to the optimum time. 
(f) Effect of pH
Experiments were conducted by varying the pH of the aqueous Hg(II) solutions to find out the optimum pH over the range of 2-10 with 0.1 g of granules. After the optimum equilibrium time of agitation, the solutions were analysed for the percentage of Hg(II) removed by using equation (3.1) and the results are presented in figure 8b. It can be observed from the plot that maximum Hg(II) ion removal (64-89%) was achieved at a wider pH range of 5-7 for all adsorbents. But, in the case of DRN, maximum adsorption (89%) of metal ion removal was noted at pH 6. For the other adsorbents, pH 7 is suitable for maximum metal ion removal. Hence, the adsorption may be due to an ion exchange reaction between H 3 O + and Hg(II) ions. Above the optimum pH, Hg(II) ions tend to precipitate as Hg(OH) 2 due to added NaOH for raising the pH of the solution, thereby causing a decrease in Hg(II) adsorption on the adsorbents.
(g) Effect of carbon dose
In order to find out the minimum amount of adsorbent required for the maximum removal of Hg(II), experiments were carried out using 10 mol l −1 of Hg(II) solutions with varying amounts of adsorbents ranging from 0.1 to 1 g per 100 ml at an optimum pH of 6.0 ± 0.2 for DRN and 7.0 ± 0.2 for VR, DRB and CAC. The solutions were agitated up to their respective equilibrium time and the percentage of Hg(II) removed in each case was determined by using equation (3.1) . The results are shown in figure 8c .
From the figure, it can be seen that a minimum dose of 0.2 g of DRB and 0.4 g of DRN is sufficient for the maximum removal of Hg(II) ions, 79% and 90%, respectively. However, a maximum removal of 76% of Hg(II) was observed for VR with a dosage of 0.6 g and 86% of Hg(II) was observed for CAC with a dosage of 0.4 g per 100 ml from the same initial concentration of Hg(II) ions. This indicated that DRN was more efficient with respect to dosage of DRB, VR and CAC in the removal of Hg(II) ions from solution under optimum time and pH conditions.
(h) Scanning electron microscopy morphology for rubber granules
The SEM technique was used to study the surface morphology of adsorbents. Figure 9a ,b shows the morphology of waste gasket rubber granules. Figure 9c,d shows the SEM images of DRB and DRN (after devulcanization), respectively, and figure 9e,f shows the SEM images of DRB and DRN (after adsorption of mercury(II)), respectively. A close observation of SEM images indicated that, after the devulcanization reaction, pores are found in the surface of rubber granules. This increases the adsorption efficiency of rubber to uptake the metal ions. In addition, the density difference before and after adsorption of mercury ions indicates the uptake of mercury(II) ions. 
Conclusion
The present study focuses on the cost-effective recycling of waste rubber granules, and it investigates the application of recycled rubber granules as an adsorbent. The efficiency of the desulfurization reaction and removal of sulfur by nano-sized CuCl 2 were comparably good. In terms of waste management, the recycled product of DRB and DRN granules can be used as a cheap adsorbent for the removal of metal ions from aqueous solution. From the results of comparative batch studies, the adsorption efficiency of DRN granules in the removal of mercury(II) ions from aqueous solution was elucidated under optimum conditions. The optimum condition for desulfurization of waste gasket rubber and the exact mechanism of desulfurization are yet to be studied. Kinetic studies such as reversible first-order, pseudo-first-order and pseudosecond-order kinetics should be conducted as future work to understand the surface reaction between the ion and adsorbent.
